In this study, w e tested the hypothesis that reducing shear rates in postcapillary venules causes CD1 8-dependent, selectin-independent leukocyte rolling. Intravital microscopy was used to assess shear rate-dependent leukocyte rolling in 25-to 40-pm rat mesenteric venules. Pretreatment of animals with 25 mg/kg fucoidin, a carbohydrate moiety that binds to and inhibits selectin function, essentially abolished the number of spontaneously rolling leukocytes. When shear rates were reduced by 50% (from 438 & 36 S" to 222 2 1 9 S") in the presence of fucoidin, leukocyte rolling increased fourfold, suggesting a selectin-independent mechanism of leukocyte rolling. Administration of CL26, an anti-CD18 antibody, prevented the leukocyte rolling associated with reduced shear rates. A second objective was to determine if the integrin-mediated leukocyte HE MOVEMENT OF leukocytes from blood to injured tissue is an important event mediating inflammation and wound repair. Although this process is necessary for host defence, abnormal or uncontrolled transvascular movement of leukocytes contributes significantly to the pathology of inflammatory disorders. Initial contact between the leukocyte and endothelium, described as leukocyte rolling, has become the focus of much investigation since the observation that leukocyte rolling is a prerequisite for adhesion to microvascular endothelium. Although in the microvasculature erythrocytes generally force leukocytes from the axial flow towards the venular endothelium,' leukocyte rolling, per se, requires a tethering interaction between the leukocyte and endothelium. The selectins (L-and P-selectin), molecules that recognize fucosylated carbohydrate ligands, have been proposed to be responsible for the initial rolling observed at the onset of inflamrnati~n.'.~ L-selectin, found on leukocytes, was shown to play a very important role in leukocyte rolling inasmuch as administration of antibodies directed against this adhesion molecule prevented leukocyte rolling in flow chambers in vitro6 and in postcapillary venules in vivo.'.' P-selectin, rapidly expressed on endothelium, has also been implicated in leukocyte rolling on the vessel wall in vitro: and an anti-P-selectin antibody was effective at preventing baseline leukocyte rolling','' and oxidant-induced leukocyte rolling in vivo." Moreover, some evidence would suggest that L-selectin may be fundamentally involved in P-selectin-mediated leukocyte rolling inasmuch as leukocyte binding to P-selectin transfectants was inhibited by an anti-L-selectin antibody.I2 It is not surprising, therefore, that inhibition of both P-and L-selectin using fucoidin, a sulfated fucose polysaccharide, completely inhibits leukocyte rolling in v~v o .~. '~"~ In contrast, the prevailing view contends that the CD1 l / CD 18 leukocyte adhesion glycoprotein complex and its ligand do not contribute to leukocyte rolling. For example, phorbol myristate acetate (PMA)-stimulated leukocytes (CD 1 %activated, L-selectin-shed) did not roll on artificial bilayers containing ICAM-1 under flow conditions, despite T Blood. Vol83, No 2 (January 15). 1994: pp [345][346][347][348][349][350] rolling at reduced shear rates would lead to firm adhesion of leukocytes in the presence of a chemotactic stimulus. Animals were pretreated with fucoidin and 100 nmol/L platelet-activating factor (PAF) was superfused over the mesentery. Fucoidin prevented leukocyte rolling and subsequent PAF-induced adhesion at normal shear rates; however, when shear rates were reduced by 50%, a significant CD1 8-dependent increase in leukocyte rolling (1 0-fold) and adhesion (5-fold) was noted within 15 minutes. These data raise the possibility that, at lower shear rates, as is the case in various inflammatory conditions, selectinindependent, CD1 8-dependent leukocyte rolling and subsequent adhesion can occur in postcapillary venules. profound adhesion under low shear forces or static condit i o n~.~ Moreover, an anti-CD1 I/CD18 antibody did not affect leukocyte rolling in vivo,I6 an observation reported at unaltered shear forces. In inflammation, vessels dilate and hydrodynamic dispersal forces are often reduced by more than Under these conditions, adhesion molecules that would not normally play a role in rolling might now have a sufficiently high rate of reaction with their respective ligands (relative to hydrodynamic forces) to catch leukocytes and initiate rolling and, ultimately, adhesion. The objective of this study was to test this hypothesis by reducing shear rates (50%) after selectin inactivation using fucoidin. Our data show an important CD 1 %dependent, selectin-independent component of leukocyte rolling at lowered shear rates in vivo.
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MATERIALS AND METHODS
Male Sprague-Dawley rats (250 to 300 g) were maintained on a purified laboratory diet and fasted for 24 hours before surgery. The animals were initially anaesthetized with sodium pentobarbital (65 pp/ 100 g body weight). A catheter was placed in the right jugular vein for administration of drugs and additional anaesthesia. The right carotid artery was cannulated for drawing of blood and mea-surement of systemic arterial blood pressure using a Statham P23 XL pressure transducer (Viggo-Spectramed, Oxnard, CA) and Grass physiologic recorder (Grass Instrument CO, Quincy, MA). A laparotomy was performed and the kidneys were ligated to prevent excretion of fucoidin. The superior mesenteric artery was isolated to allow for positioning of an adjustable vascular occluder (OC2; In Vivo Metric Systems, Healdsburg, CA). The rats were then placed in a supine position on a plexiglas microscope stage. A segment of the midjejunum was exteriorized through the abdominal incision and the mesentery was prepared for in vivo microscopic observation as previously described by us20. 21 and ~t h e r s . '~, '~ Briefly, the mesentery was draped over an optically clear viewing pedestal that allowed for transillumination of a 2-cm2 segment of tissue. The exposed bowel was covered with saline-soaked gauze to prevent evaporation and the mesentery suffused with warmed bicarbonate-buffered saline (pH 7.4) using a Minipuls 2 suffusion pump (Gilson, Villiers le Bel, France). The temperature of the pedestal was maintained at 37'C with a constant temperature circulator (model 80; Fisher Scientific, Whitby, Ontario, Canada). Rectal and mesenteric temperatures were monitored using an electrothermometer. An intravital microscope (Nikon Optiphot-2; Nikon, Japan) with a X 25 objective lens (Leitz Wetzlar L25/0.35; Leitz, Germany) and a X 10 eyepiece was used to observe the mesenteric preparation. A video camera mounted on the microscope projected the image onto a color monitor and the images were recorded for playback analysis using a videocassette recorder.
Single unbranched mesenteric venules between 25 and 40 pm in diameter were selected for study. Venular diameter was measured on-line using a video caliper (Microcirculation Research Institute, Texas A&M University, College Station, TX). Leukocyte kinetics (flux of rolling leukocytes and leukocyte rolling velocity) were determined off-line during playback of videotaped images. A leukocyte was defined as adherent to venular endothelium if it remained stationary for a period equal to or greater than 30 seconds. Adherent cells were expressed as the number per 100 pm length of venule. Rolling leukocytes were defined as those white blood cells (WBCs) that moved at a velocity less than that of erythrocytes in the same vessel. Leukocyte rolling velocity (Vwx) was determined from the time required for a leukocyte to traverse a given distance along the length of the venule. Flux of rolling leukocytes was measured by counting those WBCs that could be seen moving past a defined reference point within the 100-pm vessel length. The same reference point was used throughout the experiment because leukocytes may roll for only a section ofthe vessel before rejoining the flow of blood or firmly adhering. The number of rolling leukocytes present in the venule at any given moment was calculated as the leukocyte flux/ Vww. This parameter is used to describe leukocyte rolling because our data would suggest that the number of rolling leukocytes in a venule is dependent on both the flux of rolling leukocytes and the velocity with which these cells roll. For example, a reduction in leukocyte rolling velocity results in a greater number of leukocytes in venules at any given instant in time.
Centerline red blood cell (RBC) velocity (VR,) was also measured on-line using an optical Doppler velocimeter (Microcirculation Research Institute, Texas A&M University) that was calibrated against a rotating disk coated with RBCs. Venular blood flow was calculated, assuming cylindrical geometry, from the product of mean RBC velocity (Vman = centerline velocity/ 1.6) and microvascular cross-sectional area. Venular wall shear rate (7) was calculated based on the Newtonian definition: T = 8(Vman/Dv), where D, is venular diameterF2 Wall shear stress was calculated as T X blood viscosity (v) and was assumed to be 0.025 poise.23
To ensure that all leukocytes studied were rolling, critical velocity (Vc",) was calculated as previously where VC", = Vmao X DdD, X (2 -DJD,) and DL is leukocyte diameter, assumed to be 7 pm. Any cell travelling below critical velocity is likely to be retarded by an adhesive interaction, ie, the cell is considered to be r~Iling.*~ We have previously shown that leukocyte rolling velocity increases and flux decreases for the first 30 minutes and then reaches a steady state.25 Therefore, in all groups, the preparation was allowed to stabilize for 30 minutes before beginning the protocol. In the first group, after a 2-minute control recording, V, , and shear rates were reduced 50% by increasing pressure on the superior mesenteric artery (SMA) using the vascular occluder and another 2-minute recording was performed. Animals then received a bolus injection of fucoidin (25 mg/kg; Sigma Chemicals, St Louis, MO). Several investigators have shown that this dose of fucoidin abolishes the number of spontaneously rolling leukocytes in rat mesenteric v e n~l e s . '~~'~ Higher doses of fucoidin caused hypotension. Twenty minutes after the fucoidin treatment, a 2-minute recording was performed. V, , , and shear rates were again reduced by 50%. Leukocyte kinetics were recorded for another 2 minutes. The animals then received CL26 intravenously [IV; lgGl F(ab),; 0.4 mg/kg; UpJohn, Kalamazoo, MI], a monoclonal antibody (MoAb) to the &subunit (CD1 8) of the CD1 I/CDI 8 adhesion glycoprotein complex. A 2-minute recording was again completed before, and after, a 50% reduction in shear rates. Previous work from our laboratory has shown that this dose of CL26 prevents leukocyte adhesion in venules without causing neutropenia,'1326 an effect observed at higher concentration^.^' Moreover, an isotype-matched MoAb had no effect on leukocyte kinetics. 26 In another group of animals, only CL26 was administered to ensure that this antibody did not have an effect on baseline leukocyte rolling.
In another series of experiments, we examined whether the shear ratedependent leukocyte rolling would translate to adhesion in the presence of a chemoattractant. Animals were pretreated with fucoidin (25 mg/kg) and the mesentery was superfused with a bicarbonate buffered saline solution containing platelet-activating factor (PAF 100 nmol/L; Sigma). A 2-minute recording was performed at 30 minutes of PAF superfusion, shear rates were then reduced by 50%, and recordings of the mesenteric preparation were performed for 15 minutes. In a final series of experiments, animals received the same concentration of PAF without fucoidin and a 2-minute recording was completed at 30 minutes. In all of the aforementioned experiments, initial shear rates were above 400 S-' to ensure that a 50% reduction in shear rates remained above 200 S -' . Above 200 S", blood flow always appears laminar and erythrocyte rouleaux formation is never observed.
Flow cytometry studies. Flow cytometry was used to quantitate basal and stimulated binding ofCL26 to CD1 8 on rat polymorphonuclear leukocytes, as previously described.2s The analysis was performed on whole-blood samples to minimize artifactual upregulation ofCD1 8 associated with ex vivo manipulation. A 90-pLaliquot of heparinized whole blood was incubated either with phorbol myristate acetate (PMA; IO" mol/L) or with 10 pLphosphate-buffered saline (PBS) for 15 minutes at 37°C. After incubation, 10 pL (10 pg/ mL) of a solution of CL26 was added to samples and incubated at room temperature for 15 minutes. The samples were washed twice with PBS and incubated with 10 pL fluorescein isothiocyanate-con- pm/s in normal venules. The number of rolling leukocytes (flux/vel) at any given instant was 0.88 f 0.14 leukocytes per 100 pm length venule. Treatment with fucoidin dramatically reduced the flux of rolling leukocytes (85%) and significantly increased leukocyte rolling velocity when compared with untreated controls. This translated into a greater than 90% reduction in the number of rolling cells per 100 pm length venule. Figure 1 illustrates that, when shear rates were reduced by 50% (438 f 36 S" to 222 f 19 S") in fucoidin-treated animals, the number of rolling leukocytes increased fourfold, primarily as a result of the increase in flux of rolling leukocytes. After a 50% reduction in shear rates, erythrocyte rouleaux formation was never observed and laminar flow persisted. To further determine the selectin-independent mechanism(s) involved in leukocyte rolling at lowered shear rates, fucoidin-pretreated animals received CL26, an MoAb directed against the P-subunit ofCDll/CD18 rat leukocyte adhesion glycoprotein complex. When shear rates were reduced in half in the presence of CL26, the number of rolling leukocytes was not increased. It should be noted that an isotype-matched IgG l MoAb did not affect leukocyte kineti a Z 6 Administration of CL26 to animals (no fucoidin) with normal baseline leukocyte rolling at undisturbed shear rates did not change the flux of rolling leukocytes. These data suggest that at normal shear rates the leukocyte rolling is primarily selectin-mediated, not CD1 8-mediated. Moreover, it suggests that the antibody CL26 does not have any direct affect (L-selectin shedding, etc) on selectin-mediated leukocyte rolling.
To determine whether the shear rate-dependent increase in rolling translated into leukocyte adhesion, some mesenteric preparations were exposed to PAF. Superfusion of the mesentery with 100 nmol/L PAF for 30 minutes increased the number of adherent leukocytes by more than fourfold (3.0 * 1.0 v 13.6 * 2.0) without affecting leukocyte rolling.
Pretreatment of the animals with fucoidin almost entirely abolished leukocyte rolling and the PAF-induced leukocyte adhesion (Fig 2) . When shear rates were reduced by 50% in the presence of fucoidin, the number of rolling leukocytes increased by almost 10-fold (from 0.07 f 0.01 to 0.69 f 0.21). This increase in leukocyte rolling translated into a fivefold increase in leukocyte adhesion, suggesting that a 50% reduction in shear rates was sufficient to induce leukocyte rolling and subsequent adhesion via a selectin-independent event. The PAF-induced increase in rolling and adhesion was also inhibited by the anti-CD18 MoAb (data not shown). Figure 3 summarizes a velocity distribution of rolling leukocytes (normalized for RBC velocity) in control postcapillary venules and in fucoidin-treated animals in which shear rates were reduced by 50%. All cells defined as rolling cells moved at a velocity well below that of Vcrit, supporting the contention that cells were indeed rolling in both groups of animals. Free-flowing cells do not appear in this figure, but likely travel at a much higher velocity approaching VRW. These cells cannot be seen in our preparation, but can be seen if they are fluorescently labeled.24 *30 Flow cytometric analysis of freshly isolated whole rat blood clearly indicates that CL26 does bind to rat polymorphonuclear leukocytes as shown in a representative experiment in Fig 4. increased the number of adherent leukocytes, whereas baseline rolling was unaffected (0). Other animals were pretreated with fucoidin, followed by 30 minutes of PAF superfusion (m). Shear rates were then reduced by 50% for 15 minutes (H). *P < .05 relative to PAF-treated group. 'P < .05 relative to PAF + fucoidin-treated group at normal shear rate.
translated into approximately 6.6 X IO4 and 9.2 X lo4 binding sites for unstimulated and PMA-activated cells, respectively.
DISCUSSION
It is now well established that selectins mediate leukocyte rolling and that this rolling is a prerequisite for firm adhesion of the leukocyte to venular e n d o t h e l i~m .~~'~ This contention is in part based on the observation that fucoidin, a fucose polymer that binds to L-and P-selectin, inhibits leukocyte r~l l i n g , '~. '~ and anti-L-and anti-P-selectin antibodies also attenuate leukocyte rolling."" In this study, we have used fucoidin as a tool to inhibit selectin-dependent leukocyte rolling in postcapillary venules. This regimen reduced baseline leukocyte rolling by more than 90%, an ob- For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From bility that, during inflammatory disorders such as ischemia/ reperfusion, where shear rates are significantly redu~ed,""~ targeting selectins may not entirely prevent leukocyte rolling and adhesion, and subsequent tissue injury. Indeed, anti-P-selectin antibodies are only 30% to 60%26*33.34
effective at reducing tissue injury in models of inflammation, whereas anti-CD 18 antibodies were purported to inhibit tissue injury by 80% to 90%.26,27,3s Our data may also explain why some investigators have reported that anti-CD18 antibodies, in addition to preventing adhesion, also partly attenuate leukocyte rolling in various inflammatory models.'1~26 These findings are not entirely inconsistent with in vitro data that indicate that leukocytes can roll and adhere in the absence of selectins provided that shear stresses are below 0.75 d y n -~m -~.~,~~ Moreover, the leukocyte rolling at low shear in vitro was not observed in CD18-deficient leukocytes or leukocytes treated with an anti-CD18 antib~dy,'~ suggesting that rolling at very low shear stress in vitro is also integrin mediated. In this study, we report that a reduction in shear stress from 11.0 t 0.9 dyn.cm-2 to 5.6 k 0.5 dyn . cm-2 (no rouleaux formation) produced a very significant increase in CD 1 8-dependent rolling, translating into profound adhesion in the presence of a chemotactic stimulus. Some fundamental differences could contribute to the CD l 8-dependent rolling and adhesion occurring at higher shear forces in vivo than in vitro. First, erythrocytes emerging from capillaries into postcapillary venules tend to displace leukocytes towards the vessel wall, where tethering interactions can occur.' Because ofthe constant geometry and lack of RBCs in the flow chamber studies, continuous displacement of leukocytes towards the endothelium where CD 18 can interact with its ligands has less probability of occurring until very low shear rates. Second, endothelial cells from large veins (used in culturing endothelial cells) may have fewer counter receptors for CD l 8 adhesion molecules than in postcapillary venules. In fact, very little adhesion occurs in these vessels in vivo. Nonetheless, regardless of the magnitude of shear force at which point CD 1 8-dependent leukocyte adhesion occurs, it is somewhat striking that this phenomenon is observed in vitro and in vivo, and translates in postcapillary venules into profound leukocyte adhesion in the presence of chemotactic stimuli. In conclusion, this study raises some questions about the generally accepted hypothesis that leukocyte rolling is exclusively a selectin-dependent, integrin-independent event.
CL26 + PMA Hydrodynamic studies in vitro show that larger particles are pushed to the center of the stream as shear forces inreas se,^' an observation confirmed for leukocytes in blood.32 Similarly, as shear forces are reduced, leukocytes are displaced from the axial flow towards the vessel wall.' In inflammation, vessels dilate, blood flow slows, and hydrodynamic dispersal forces are reduced. In fact, a 40% to 70% reduction in shear forces has been reported in various models of inflammati~n.'~"~ Therefore, during these inflammatory processes, the leukocytes would be displaced towards the vessel wall, an event that would enhance the probability of leukocyte-endothelial cell interactions. Moreover, the reduction in hydrodynamic dispersal forces could also enhance the likelihood that other "nonselectin" adhesive interactions are formed. Indeed, in this study we show that a 50% reduction in shear rate was sufficient to promote selectin-independent leukocyte rolling. This selectin-independent rolling process was greatly attenuated with an anti-CD 18 MoAb, suggesting that, at lower shear rates, a significant proportion of leukocytes can still roll in postcapillary venules via an integrin-mediated event.
To address the possibility that CD1 8-dependent, selectinindependent leukocyte rolling was of significant importance in inflammation (sufficient to induce leukocyte adhesion) we superfused the mesentery with the chemotactic agent PAF. Fucoidin completely abolished leukocyte rolling and subsequent PAF-induced leukocyte adhesion under normal shear rates. When shear forces were again reduced by only 50% a very dramatic increase in leukocyte rolling ( IO-fold) and a very rapid and marked increase in leukocyte adhesion was observed. Clearly, as shear forces diminish in inflamed vessels, the propensity for CD 1 8-dependent leukocyte rolling and adhesion increases. The results also raise the possi- 
